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Vacuolar-type H1-ATPase (V-ATPase) plays a major role in endomembrane and plasma membrane proton transport in
ukaryotes. We found that the acidic compartments generated by V-ATPase are present from the one-cell stage of mouse
reimplantation embryos. Upon differentiation of trophoblasts and the inner cell mass at the blastocyst stage, these
ompartments exhibited a polarized perinuclear distribution. PL162/2 embryos, lacking the V-ATPase 16-kDa proteolipid (c
subunit), developed to the blastocyst stage and were implanted in the uterine epithelium, but died shortly thereafter. This
mutant showed severe defects in development of the embryonic and extraembryonic tissues at a stage that coincided with
rapid cell proliferation. When cultured in vitro, PL162/2 blastocysts could hatch and become attached to the surface of a
ulture dish, but the inner cell mass grew significantly slower and most cells failed to survive for more than 4 days. PL162/2
cells showed impaired endocytosis as well as organellar acidification. The Golgi complex became swollen and vacuolated,
possibly due to the absence of the luminal acidic pH. These results clearly indicate that acidic compartments are essential
for development after implantation. © 2000 Academic Press






The vacuolar-type H1-ATPases (V-ATPases) are a family
of ATP-driven proton pumps found in organelles such as the
lysosome and endosome, and the plasma membrane of
eukaryotic cells (for reviews, see Forgac, 1998; Futai et al.,
2000; Nelson and Harvey, 1999; Stevens and Forgac, 1997).
V-ATPases have a bipartite structure similar to that of
H1-ATPase F1F0 (ATP synthase), consisting of a soluble
TP-hydrolyzing domain V1, and a V0 membrane sector of
which the 16-kDa proteolipid is a major component. This
proteolipid plays a direct role in the proton translocation
mediated by a crucial glutamate residue, which is the site of
N,N9-dicyclohexylcarbodiimide (DCCD) modification (Arai
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All rights of reproduction in any form reserved.t al., 1987; Hirata et al., 1997; Nelson, 1992; Noumi et al.,
991). Not only is the 16-kDa proteolipid a functional
nalogue of subunit c of F1F0 ATPase, but the two polypep-
tides also show sequence similarity and may have a com-
mon ancestor (Gogarten et al., 1989; Nelson and Taiz,
1989).
The acidification of the organellar lumen by V-ATPase is
critical for protein processing and degradation, intracellular
targeting, coupled transport, and receptor-mediated endocy-
tosis (Forgac, 1998; Futai et al., 2000; Nelson and Harvey,
1999; Stevens and Forgac, 1997). In addition, V-ATPases
located in the plasma membrane are involved in osteoclast-
mediated bone resorption, renal acidification, tumor metas-
tasis, and spermatogenesis (for a review, see Wieczorek et
al., 1999). Mutations in the gene encoding the B1 subunit of
he V1 sector cause human renal tubular acidosis with
ensorineural deafness (Karet et al., 1999), and deletion of








316 Sun-Wada et al.Several lines of evidence suggest that dynamic membrane
trafficking is involved in early mammalian embryonic
development. Mouse preimplantation embryos exhibit
receptor-mediated transcytosis of maternal regulatory pro-
teins including epithelial growth factor and insulin-like
FIG. 1. Distribution of acidic compartments in mouse preimplant
mages of mouse embryos at the one-cell, two-cell, four-cell, eight-c
range staining are shown in b,d,f,h, and j. The morphology of acidic
fter compaction (i and j). In blastocysts (k), the staining in the in
ells, whereas it was localized around the nucleus (n, acridine oran
te). Zona-free blastocysts were incubated with bafilomycin A1 (l, 10
ona-free blastocysts without bafilomycin A1 treatment were simigrowth factor I (Dardik et al., 1992; Smith et al., 1993).
Copyright © 2000 by Academic Press. All rightThey promote mouse trophoblast outgrowth (Das et al.,
1994) and blastocoel expansion (Dardik and Schultz, 1991)
as well as human cytotrophoblast invasion in culture (Bass
et al., 1994). Furthermore, on the implantation of embryos,
phagocytosis is triggered in trophectodermal cells in which
embryos and effects of bafilomycin A1. a,c,e,g, and i are Nomarski
nd morula stages, respectively. The respective images after acridine
partments (red acridine orange fluorescence) changed dramatically
ell mass (icm) appeared to be diffusely distributed throughout the
s green fluorescence when bound to DNA) in trophectoderm cells
m, 100 nM) at 37°C for 1 h before acridine orange-staining. Control





nM;the number of Golgi vesicles is increased (El-Shershaby and







317Acidic Compartments in Early DevelopmentHinchliffe, 1975). Thus, it became of interest to study the
roles of endomembrane organelles and their acidic inside
pH during early embryogenesis, especially at the stage of
implantation.
In this study, we examined the endomembrane compart-
FIG. 2. Presence of acidic compartments in PL162/2 blastocysts.
The exon I regions of wild-type and null PL16 alleles are shown
together with primers GH3, GH4, and GH15 used for PCR geno-
typing (arrows) (a). Genotypes (1/1, wild-type; 1/2, heterozygote;
2/2, homozygote) were identified by PCR (b). The wild-type and
knockout allele-specific PCR products were 340 and 233 bp,
respectively. The morphology of wild-type embryos (c,d) appeared
similar to that of PL162/2 embryos (e,f) on Nomarski microscopy
(c,e) and acridine orange staining (d,f). The inner cell mass (icm) and
trophectoderm (te) are indicated. Bar, 50 mm.ments in mouse preimplantation embryos: their acidic
Copyright © 2000 by Academic Press. All rightuminar pH was generated by V-ATPase at as early as the
ne-cell stage and was morphologically changed at the
lastocyst stage. Furthermore, analysis of proteolipid-
eficient embryos demonstrated that the V-ATPase-




C57BL6/J mice were purchased from SLC Japan (Shizuoka,
Japan). The PL161/2 heterozygous mice used were described previ-
ously (Inoue et al., 1999) and backcrossed with C57BL6/J for more
than six generations.
Embryo Recovery and Culture
Superovulted females were caged overnight with males and
checked for vaginal plugs in the following morning. Fertilization
was assumed to have occurred at midnight and the embryos were
staged accordingly (noon on Day 1 is E 0.5). Embryos at the one-cell
stage were collected from the oviducts and cultured for 4 days in
kSOM embryo medium at 37°C under 5% CO2 and 95% air
(Lawitts and Biggers, 1993).
Blastocysts were collected by flushing the oviducts and uteri of
female mice at E 3.5 and cultured individually on gelatinized
Lab-Tek chambered cover glasses (Nunc, Naperville, IL) in embry-
onic stem (ES) cell medium containing 15% serum (Harada et al.,
1998). Their growth was observed under an Olympus IX70 micro-
scope with a Fuji film CB-300Z digital camera.
Acridine Orange Staining
Freshly collected or in vitro cultured embryos were stained with
acridine orange (Geisow et al., 1980; Yoshimori et al., 1991).
Briefly, they were incubated at 37°C for 10 min in kSOM contain-
ing 5 mg/ml acridine orange and then washed four times with the
same medium. They were viewed immediately under a BX50
Olympus microscope equipped with Nomarski and fluorescence
optics.
Zona pellucida was removed by incubating embryos in acidi-
fied Tyrode’s medium (Gordon, 1993) for several seconds until
the zonae began to dissolve. After washing several times with
kSOM, the embryos were incubated in the same medium for 30
min before use. The zona-free embryos were incubated at 37°C
for 1 h in kSOM containing a 1/100 vol of bafilomycin A1
dissolved in dimethyl sulfoxide. For control experiments, only
dimethyl sulfoxide was included in the medium. Fluorescence
images were taken with the same exposure time using Kodak
Ektachrome film.
Genotyping of Blastocysts
Blastocysts were genotyped by hemi-nested PCR. They were
lysed in 10 ml of sterilized distilled water immediately after
isolation and stored frozen at 220°C before genotyping. Cul-
tured blastocysts were lysed in 50 ml lysis buffer (1% SDS, 10
mM Tris-Cl, pH 8.0, 25 mM EDTA, 75 mM NaCl) containing















318 Sun-Wada et al.proteinase K (100 mg/ml) for 10–20 min at room temperature and then
tored at 220°C until use. The frozen lysate was thawed, overlaid
ith mineral oil, heat-denatured at 95°C for 35 min, and then
ubjected to ethanol precipitation. The precipitate was dissolved in 10
ml of distilled water and used as the PCR template. PCR was carried
out in buffer comprising 10 mM Tris-Cl, pH 8.3, 50 mM KCl, 1.5 mM
MgCl2, 200 mM each of dATP, dCTP, dGTP and dTTP, 1 mM each of
CR primers and 1 unit of AmpliTaq Taq DNA polymerase
Perkin-Elmer Corp., Norwalk, CT), using primers GH3 (59-
CTTGCTTTGCGGTGCTGGTATTTAGA-39), GH4 (59-CAGCG-
ATGCTCACCGCTGAAGACCATGG-39), and GH15 (59-GGGC-
ACCGGACAGGTCGGTCTTGAC-39).
Histochemistry
The implantation sites in mice were visualized by intravenous
injections (0.1 ml/mouse) of 1% Chicago Blue B (Tokyo Kasei
Kogyo) in saline (McLaren, 1970) on Days 4.5, 5.0, 5.5, and 6.5 of
pregnancy. The uteri were then dissected and the implantation
sites, demarcated by a discrete blue band, were fixed overnight in
4% paraformaldehyde in phosphate-buffered saline (PBS). After
fixation, the implantation sites were embedded for cryostating.
Serial sections (;6 mm) were mounted on MAS-coated slides
(Matsunami Glass) and stained with hematoxylin.
FITC-Dextran Uptake and Fluorescence
Microscopy
Blastocysts were incubated in ES medium containing fluorescein
isothiocyanate-labeled dextran (FITC-dextran, 1 mg/ml, Molecular
Probe) for 8 h at 37°C. Cells were washed twice with PBS and then
fixed with 4% paraformaldehyde. After washing with PBS for three
more times, samples were mounted in mount medium VectaShield
(Vecta Laboratories, Burlingame, CA), and then FITC-dextran up-
take was observed using a laser scanning confocal imaging system
(LSM510, Carl Zeiss) or an Olympus BX50 fluorescence micro-
scope.
Electron Microscopy
Blastocysts grown on gelatinized coverslips (Sumilon, Celldesk
LF1, Sumitomo Bakelite) in ES medium for 3 days were washed
once with PBS, fixed with 2.5% glutaraldehyde in 0.1 M Na-
phosphate (pH 7.4), and then postfixed in 1% OsO4 in 0.1 M
cacodylate buffer (pH 7.4). The inner cell mass of fixed cultured
blastocysts was removed with a finely drawn glass micropipette
under a stereoscopic microscope, lysed in the lysis buffer, and then
genotyped as described above. The trophoectodermal cells on the
plastic coverslips were washed in distilled water, incubated with
50% ethanol for 10 min, and stained with 2% uranyl acetate in
70% ethanol for 2 h. The cells were further dehydrated with a
graded series of ethanol and were embedded in epoxy resin.
Ultrathin sections were doubly stained with uranyl acetate and
lead citrate and then observed under a Hitachi H7000 electron
microscope.
Copyright © 2000 by Academic Press. All rightRESULTS
Acidic Compartments in Mouse Preimplantation
Embryos
Mouse preimplantation embryos were cultured in vitro
and their acidic compartments were visualized with
acridine orange. Diffuse granular red fluorescence stain-
ing was observed throughout the cytoplasm from the
one-cell stage to that of eight-cell embryos (Figs. 1a– h).
Following compaction, the staining was concentrated in
cortical and perinuclear locations (Figs. 1i,j). In blasto-
cysts, the staining in the inner cell mass (icm) was
diffusely distributed throughout the cells, whereas that
in trophectoderm (te) cells was found in the perinuclear
region (Fig. 1k).
The red staining disappeared when the embryos were
exposed to a weak base (e.g., 50 mM ammonium chloride),
but became visible after the base was removed and the
embryos were washed with the culture medium (data not
shown). Furthermore, the staining disappeared upon treat-
ment of embryos with bafilomycin A1, a specific inhibitor
of V-ATPase: the red signal decreased significantly with 10
nM of the antibiotic (Fig. 1l) and completely disappeared
with 100 nM (Fig. 1m). These results suggest that the
intracellular acidic compartments in preimplantation em-
bryos are generated by V-ATPase. Thus, the roles of acidic
compartments at an early developmental stage can be
studied by analyzing the physiological effects of V-ATPase
mutations.
Effects of Proteolipid Gene Disruption on
Preimplantation Development
It has been reported that deletion of the V-ATPase
proteolipid subunit (PL16) caused embryonic lethality in
the mouse (Inoue et al., 1999). However, the mutant
henotypes have not been defined, and its lethal stage
uring development was unclear. We first investigated at
hat developmental stage the PL162/2 mutant is defec-
ive.
The blastocyst stage embryos of heterozygous crosses
PL161/2 3 PL161/2) were isolated at E 3.5, stained with
cridine orange, and then genotyped by hemi-nested PCR
Fig. 2). Of 56 embryos, 13 (;25%) were PL162/2, this
being close to the value expected for Mendelian inheri-
tance. We also identified about the same number of
PL162/2 blastocysts that had developed from fertilized
ggs cultured in kSOM medium (data not shown). The
L162/2 blastocysts were indistinguishable from PL161/1
or PL161/2 ones under a light microscope (Figs. 2c,e) and
contained similar acidic compartments (Figs. 2d,f). Thus,
PL162/2 embryos could develop up to the blastocyst stage,
the last stage of preimplantation development, and could
maintain acidic compartments, possibly utilizing mater-
nal mRNA for the V-ATPase proteolipid. The develop-
mental defects caused by the PL162/2 mutation were then






























319Acidic Compartments in Early Developmentexamined by analyzing the mutant embryo in utero and
blastocysts cultured in vitro.
Developmental Defects of PL162/2 Embryos at
Postimplantation
The implantation sites of heterozygous crosses were
histologically examined to determine the time of onset of
defects in PL16 2/2 embryos. At E 4.5, all implantation sites
contained embryos (Table 1) and their endoderm layers
were visible close to the inner cell mass (Fig. 3a, arrow-
heads). At E 5.0, the implantation sites contained embryos
firmly attached to the uterine epithelium and no morpho-
logically abnormal embryo was found (Fig. 3b). At E 5.5 (;1
ay after implantation), about 70% of the embryos had the
ormal egg cylinder appearance, with an embryonic ecto-
erm surrounded by a layer of extraembryonic endoderm
Fig. 3c). However, 13 of 41 implantation sites contained a
isorganized cell mass and the embryonic structures were
ot detectable (Fig. 3d). At E 6.5, 6 of 28 implantation sites
acked discernible embryonic structures (Fig. 3f). The ratio
f abnormal implantation sites of PL161/2 3 PL161/2 crosses
is close to Mendelian ratios expected for the appearance of
PL162/2 (Table 1). On the other hand, we found no abnormal
embryos at E 6.5 for the control crosses: all the implanta-
tion sites of PL161/1 3 PL161/1 and PL161/2 3 PL161/1
crosses showed the presence of normal embryos (n 5 27 and
43, respectively). Thus, the high frequency of abortive
postimplantation development (in PL161/2 3 PL161/2
crosses) suggests that the PL162/2 mutants attached to the
asement membrane of the uterus but failed to differentiate
TABLE 1









4.5 18 0 18
5.0 28 0 28
5.5 28 13 (32%)* 41
6.5 22 6 (21%)* 28
Note. Implantation sites were visualized by intravenous injection
f Chicago Blue B. After fixation and embedding, serial cryosections
;6 mm) of implantation sites were stained with hematoxylin and
hen examined for embryos (see Fig. 3 for examples).
*The relative number of abnormal implantation sites is given in
arentheses. We also examined E 6.5 embryos using paraffin
ections: consistent with the results shown above, 8 (27%) of the
otal 30 implantation sites contained no embryonic structures.o form egg cylinders.
Copyright © 2000 by Academic Press. All rightGrowth of PL162/2 Embryos in Vitro
To assess possible defects in PL162/2 cells, we cultured
L162/2 blastocysts obtained from a PL161/2 heterozygous
ross at E 3.5. The wild-type and PL162/2 blastocysts could
hatch from the zona pellucida after a 1-day incubation (Figs.
4a,b,f,g). On the third day of culture, wild-type and mutant
blastocysts had completely adhered to the surface of dishes;
however, the outgrowth of the PL162/2 inner cell mass was
bviously slower than that of the wild-type (Figs. 4d,i). The
L162/2 inner cell mass failed to increase for longer than 4
days in culture, and most of the trophoblast cells became
detached from the culture dishes (Fig. 4j), whereas the
PL161/1 or PL161/2 cells proliferated vigorously under the
ame conditions (Fig. 4e).
The Lack of Endocytosis and Acidic Compartments
in PL162/2 Cells
When we examined endocytosis by uptake of extracel-
lular FITC-dextran, a significant difference was observed
between PL162/2 and PL161/1 or PL161/2 cells. The fluo-
escent FITC-dextran was accumulated within the cells
s a punctate lysosome-like pattern when PL161/1 or
PL161/2 cells were incubated with the probe for 8 h (Figs.
a,b). However, the fluorescence intensity in the PL162/2
cells was significantly lower than that in the wild-type
ones: the fluorescence often remained at the cell surface,
and the lysosomal staining pattern was not observed
(Figs. 5c,d).
Previous studies showed that inhibition of acidification
of intracellular organelles resulted in impaired endocytosis
of proteins and viruses (Clague et al., 1994; Gekle et al.,
1995; Herak Kramberger et al., 1998; Lu et al., 1998;
Manabe et al., 1993; Mellman et al., 1986; Palokangas et al.,
1994; Yoshimori et al., 1991). Thus, we examined the
luminal pH of organelles in PL162/2 cells. The outgrowth of
wild-type blastocysts cultured in vitro for 3 days exhibits
acridine orange staining in both the inner cell mass and the
trophoblast giant cells (Figs. 5e,f), whereas no staining was
observed in PL162/2 cultured blastocysts (Figs. 5g,h). These
esults suggest that the impaired proliferation of the
L162/2 blastocysts was due to the absence of a luminal
cidic pH in endomembrane organelles.
Swelling and Vacuolation of the Golgi Apparatus
in PL162/2 Cells
The morphological defects of endomembrane organelles
caused by the PL162/2 mutation were further examined by
lectron microscopy. The most prominent observation for
he PL162/2 mutation was disruption of the Golgi morphol-
ogy (Figs. 6a,b). A normal Golgi complex (see Figs. 6c,d for
the wild-type control, arrows) was not found in PL162/2
cells, but aberrant forms consisting of apposed enlarged
cisternae were located close to the nucleus (Figs. 6a,b,
asterisks and arrows). Many vacuoles were seen predomi-
s of reproduction in any form reserved.
gd
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320 Sun-Wada et al.nantly in the Golgi region (Fig. 6a, arrowheads). The swol-
len appearance was associated with the trans part of Golgi
stacks. The rough or smooth endoplasmic reticula, mito-
chondria, and nuclei of the PL162/2 cells were indistin-
FIG. 3. Histological examination of in utero embryos obtained on
issected at 4.5, 5.0, 5.5 (early egg cylinder stage), and 6.5 (egg cylin
ll uterine decidua were sectioned transversely, 6-mm thickness a
were found at E 4.5 (a) or E 5.0 (b). Arrowheads indicate the endode
a differentiating egg cylinder stage appearance at E 5.5 (c) and 6.5 (e),
of organized structures (d and f, arrows indicating the areas of abno
E 5.5 (c, early egg cylinder stage) and E 6.5 (e, elongated late egg cy
ectoderm (ect) and extraembryonic endoderm (end), and the lack of
80 mm.uishable from those of the PL161/1 or PL161/2 cells.
Copyright © 2000 by Academic Press. All rightDISCUSSION
We found that inside acidic compartments generated by
V-ATPase are present in mouse one-cell stage embryos.
61/2 heterozygous mating. The uteri of female PL161/2 mice were
tage) days after mating (E 4.5, E 5.0, E 5.5 and E 6.5, respectively).
tained with hematoxylin. No morphologically abnormal embryos
ells close to the inner cell mass (icm). The normal embryos show
reas the abnormal embryos show decreased proliferation and a lack
embryos). Note the appearance of a proamniotic cavity (pc) in the
r stage) normal embryos, including the formation of an embryonic







suchUpon differentiation of trophoblasts at the blastocyst stage,
s of reproduction in any form reserved.
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c
(icm) and trophoectoderm (te) are indicated. Bar, 100 mm.
321Acidic Compartments in Early Development
Copyright © 2000 by Academic Press. All rightthese acidic compartments exhibit a polarized perinuclear
distribution. Mouse preimplantation embryos take up
nutrient-containing fluid through endocytosis, and exhibit
receptor-mediated binding and transcytosis of maternal
growth factors which are essential for early development
(Dardik and Schultz, 1991; Dardik et al., 1992; Das et al.,
1994; Smith et al., 1993). We observed that FITC-dextran
was taken up and accumulated in lysosome-like organelles
in the trophoblasts of blastocysts cultured in vitro. These
results are consistent with the requirement of an acidic
compartment for active intracellular vesicle trafficking in
early development.
Targeted mutation of the V-ATPase proteolipid PL16
gene caused a lethal phenotype and no viable PL162/2
mice were identified at birth (Inoue et al., 1999). It is of
interest to determine at what developmental stage the
active V-ATPase is required. Unexpectedly, the mutant
embryos lacking the V-ATPase proteolipid subunit could
still develop up to the blastocyst stage and contained
bafilomycin A1-sensitive acidic compartments similar to
the wild-type. It is possible that a maternal pool of the
proteolipid and its transcripts is able to support the
preimplantation growth.
Previous workers (Inoue et al., 1999) found fewer
numbers of embryos at the blastocyst stage and suggested
that lethality caused by V-ATPase deletion occurred at
the preimplantation stage. The phenotypic difference
may result from their methods of embryo recovery and
PCR genotyping. Inoue et al. performed a secondary
nested PCR to detecting the knockout allele; therefore,
any trace contamination in the first PCR product will
give a false positive signal. Actually, in their results, the
ratio of heterozygous embryos to wild-type embryos is
higher than the Mendelian ratio. In contrast to their
results, we detected PL162/2 embryos at E 3.5 at a
Mendelian ratio, and E 4.5 or E 5.0 embryos in all the
implantation sites. The ratio of the empty to the normal
implantation sites at later stages (E 5.5 and 6.5) was
consistent with that of preimplantation genotyping. We
conclude that the V-ATPase deletion caused lethal defect
at the postimplantation stage.
We could not rule out the possibility that the preim-
plantation growth of PL162/2 embryos is supported by
other proteolipids expressed at an early developmental
stage. However, we consider that this possibility is very
low since Southern hybridization and sequence analysis
suggested that there is a single 16-kDa proteolipid locus
in mammals, although several pseudogenes have been
found (T. Noumi and H. Kanazawa, unpublished results;
also see Hanada et al., 1991; Hasebe et al., 1992). It has
been shown that two 16-kDa proteolipids (Vam3p and
Vam11p) are present in yeast, both of which are essential
for the V-ATPase function (Anraku et al., 1992). Other
species including C. elegans (Oka et al., 1997), D. mela-FIG. 4. Outgrowths of PL161/1 and PL162/2 blastocysts in vitro. Wild-
ype (PL161/1) (a) and PL162/2 (f) blastocysts were isolated from uteri and
cultured in ES medium. Representative examples of wild-type (b–e) and
PL162/2 (g–j) blastocysts cultured for 1 (b and g), 2 (c and h), 3 (d and i) and
4 days (e and j) in vitro are shown, respectively. They were genotyped by
CR by harvesting the outgrowths after the culture. The PL161/2 blasto-
ysts were essentially the same as the PL161/1 ones. The inner cell massnogaster (Dow, 1999), and A. thaliana (Perera et al., 1995)















































322 Sun-Wada et al.have multiple isoforms of the 16-kDa proteolipid. RNA
interference studies in C. elegans reveal that the proteo-
FIG. 5. Endocytosis and acidification of PL161/1 and PL162/2
blastocysts cultured in vitro. Blastocysts cultured for 3 days were
incubated with FITC-dextran for 8 h (a and b, PL161/1; c and d,
L162/2). b and d are phase-contrast images of a and c, respectively.
L161/1 (e,f) and PL162/2 (g,h) blastocysts were cultured for 3 days
and then stained with acridine orange (e,g). The respective Nomar-
ski images are shown in f and h. No acidic compartments (red
fluorescence) were observed in the outgrowths of PL162/2 blasto-
cysts (g,h). Bar, 10 mm.lipid vha-1 expression is essential for embryogenesis, c
Copyright © 2000 by Academic Press. All righthereas its isoforms vha-2 and vha-3 are not (Oka and
utai, 2000). Thus, it may be of interest to study the
eletion phenotype of each isoform in fly and plant,
onsidering the differences among yeast, nematode, and
ammals.
Following blastocyst implantation and prior to gastru-
ation, mouse embryos must undergo rapid proliferative
xpansion of the inner cell mass and its associated
rophectoderm. Embryos lacking a threshold number of
piblast cells due to proliferative defects fail to form the
rimitive streak (Tam and Behringer, 1997). Thus, the
L162/2 embryos died before gastrulation, possibly be-
ause the acidic compartments necessary for epiblast
roliferation were not formed due to the defective
-ATPase. As expected, no acidic compartments were
ound in the PL162/2 cells cultured for 3 days and their
olgi complex was extensively damaged. It is also pos-
ible that the lack of acidic compartments may affect
iability and cause cell death, although it is still not clear
hether loss of luminal acidic pH triggers apoptosis or
ecrosis directly or not. We found that the nuclei of
ultured PL162/2 cells appeared intact as wild-type (Fig. 6)
nd no nuclei fragmentation was observed in 5.5 dpc
bnormal embryos (data not shown).
It has been reported that the inhibition of endosomal
cidification by V-ATPase inhibitors or acidotropic re-
gents affects endocytosis, vesicle trafficking, and intra-
ellular processing of various proteins (Clague et al.,
994; Gekle et al., 1995; Herak Kramberger et al., 1998;
u et al., 1998; Manabe et al., 1993; Mellman et al., 1986;
alokangas et al., 1994; Yoshimori et al., 1991). We
bserved that the PL162/2 mutation caused significantly
ecreased endocytosis of FITC-dextran and disruption of
he Golgi morphology, especially in the trans region.
hese results demonstrate that the impaired luminal
cidification causes defects in intracellular vesicle traf-
cking required for protein processing/degradation and
nternalization of growth factors essential for early devel-
pment. In this regard, the phenotypes of the PL162/2
embryos are reminiscent of those described for the fibro-
blast growth factor Fgf-4 knockout mouse (Feldman et
al., 1995). Characterization of these knockout mice re-
vealed that embryonically expressed FGF-4 is secreted
and acts as an autocrine or paracrine ligand for postim-
plantation development of embryos in vivo and normal
nner cell mass proliferation in vitro.
In conclusion, we have shown that the acidic compart-
ents generated by V-ATPase are essential for mammalian
evelopment immediately after implantation. The role of
cidic compartments in a later developmental stage, espe-
ially in specific cells or tissues, could be investigated by
elective inhibition of the proteolipid expression with the
onditional knockout strategy. Studies along these lines are
urrently in progress.
s of reproduction in any form reserved.
323Acidic Compartments in Early DevelopmentFIG. 6. Swelling and vacuolation of the Golgi apparatus. Electron micrographs for representative areas of trophoectodermal cells of
PL162/2 (a,b) and PL161/1 (c,d) cells are shown. In PL162/2 cells, numerous large vacuoles are present (arrowheads). Only an aberrant Golgi
complex, consisting of a group of large, closely apposed vacuoles, can be seen. The dilated trans elements are indicated (asterisks). In
PL161/1 cells, each Golgi apparatus (arrows) typically consists of several flattened cisternae (c and, at higher magnification, d). PL161/2 cells
gave essentially the same results as PL161/1ones. Bar, 500 nm.
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